Ultrasonic cardiac imaging of human fetuses has been feasible only after 12 to 14 weeks gestation when the heart is completely formed. Our purpose was to develop a method of examining dynamic mammalian cardiogenesis with a high-resolution 9 MHz ultrasound scanner. Fetal guinea pig hearts were imaged in utero over the course of 10 days. All images were obtained after blastocyst implantation estimated to occur 8 days after fertilization with cardiogenesis occurring over the next 14 days. After laparotomies were performed on the gravid guinea pigs, sterile transducers were placed on their uterine horns and ultrasonic images were obtained. Further optical magnification of videotaped images was required to visualize cardiac details. Ten gravid guinea pigs were examined and three of 10 underwent serial imaging. The earliest cardiac images, recorded approximately 10 days after implantation, demonstrated a partially fused heart tube, ventricle, bulbus cordis, and first aortic arch. During the next 24 hr looping of the heart, a primitive atrium and an unfused endocardial cushion structure were observed. Midway through the first week of cardiac development, ventricular and atrial septation and development of primitive atrioventricular valve tissue were imaged. At the end of the first week of cardiac development, more distinct endocardial cushion structure and atrial and ventricular septation were noted. Additionally, a functioning foraminal flap was observed. Midway through the second week of cardiac development, spiraling and division of the bulbus cordis were complete. Scanning electron microscopic examination verified the size and configuration of ultrasonically imaged structures. The high-frequency imaging allowed dynamic recording of events in mammalian cardiogenesis. Circulation 68, No. 4, 841-845, 1983. From the
PRIOR STUDY of mammalian cardiogenesis has been accomplished by standard histologic and organ culture techniques. Serial study of dynamic cardiogenesis in mammals has not been possible since the window technique used in avian preparations' is not applicable to mammals.
Echocardiographic methods are potentially useful in the study of cardiogenesis, although prior echocardiographic imaging of fetuses has been limited to study of completely formed preterm hearts, principally in humans.2 The purpose of those examinations was to detect abnormalities of the heart in utero after development was complete. The purpose of this study was to evaluate an ultrasonic method for examining dynamic mammalian cardiogenesis. Our results show that highresolution ultrasonography, a method that enabled developmental interference to be avoided, allowed study of the dynamic process of mammalian cardiac development in utero.
Methods
Guinea pigs were selected as the animal preparation because their individual embryos are large and litters are generally small. In guinea pigs, implantation of the embryo occurs on day 8,3 and cardiac development is completed over the next 14 days. The total gestational period is 63 days. We used the vaginal plug extrusion method for approximating the time of gestation, but this technique does not appear to be more accurate than 48 hr in predicting fertilization.3 This degree of accuracy was accepted since the purpose of the study was to determine if the imaging methodology was useful. Gestational timing refers to the time after implantation. An open-abdomen approach for in utero ultrasonic scanning was selected after difficulties were encountered in imaging guinea pig embryo hearts transabdominally. Gravid guinea pigs were sedated with 3 mg/kg ip pentobarbitol, 0.06 mg sc atropine, and 0.007 ml/kg im innovar-vet.5 The peritoneal cavity was filled with a 370 C normal saline bath. We used a 9 MHz Biodynamics scanner that provided a rectangularly formatted image with a total interrogation range of 4 cm, of which we used only the first 2 cm. Interoperative coronary artery imaging at the University of Arizona suggested that resolution of this instrument with respect to structure separation was possible at greater than 500 ,um, although motion of structures was detectable well below this limit.6 Tested axial resolution for a steel bar was 300 ,um, and lateral resolution was 500 ,um. Implantation was usually identified by a slight, localized en- against the localized enlargement in the uterine horn and embryo hearts were imaged continuously for 30 to 45 min. Images were evaluated for the first 30 days of gestation, but those of cardiogenesis were obtained during the 2 weeks after implantation. Because of the small size of the hearts and the difficulty in discerning detail of cardiac structures, the original image was enlarged with a magnifying video camera. Data were analyzed by observing slow-motion video replay. Photographs were then taken from individual still frames of cardiac images.
Guinea pigs embryos were removed for scanning electron microscopic examination and the size determined ultrasonically was compared with the size determined by topographic microscopy. The gravid guinea pigs were sedated and their uterine horns were removed while the embryo hearts were still beating.
The horns were immersed in cold 0.2M cacodylate-buffered Karnovsky's fixative (pH 7.4), fixed ovemight at 40 C, and rinsed in 0. IM cacodylate buffer (ph 7.4), and then embryos were carefully dissected from the horns with the aid of a dissecting microscope. Subsequently, embryos ranging in age from 11 to 18 days were dehydrated with a series of ascending grades of ethanol, and drying was accomplished by Anderson's criticalpoint drying method7 with a Sandri -790 C critical-point dryer.
After further dissection with microdissecting instruments, hearts were mounted on aluminum stubs with silver conducting paste, coated with gold-palladium to ensure electrical conductivity, and examined with an ETEC scanning electron microscope with an accelerating voltage of 20 kV. after the third serial laparotomy. Imaging was successfully completed on 10 gravid guinea pigs and three of these are examined serially. Useful data could be obtained from each imaging session. The most valuable information was obtained during the 2 weeks of gestation when the most critical events of cardiac development were occurring. Characteristic images recorded during these 2 weeks of development are shown in figures 1 through 5. Comparable human gestational ages corresponding to the guinea pig cardiac images shown are also illustrated in figures modified from Moore.8 Figure 1 represents the earliest ultrasonic image we recognized as an embryonic guinea pig heart. The heart was 0.7 mm in length, and motion allowed structural identification. Approximate gestational timing was 2 days after implantation (10 days total gestation). When viewing the dynamic image, a peristaltic-like movement began in the unfused heart tubes and moved toward and through the first aortic arches. No valvular structures were identified. Figure 2 illustrates structures observed within 24 hr of those illustrated in figure 1. Looping of the heart was partially complete, and a primitive atrium and endocardial cushion structure were observed. Atrial and ventricular pulsing appeared to be sequential and no discrete valvular structure was evident. Early partitioning of the atrioventricular canal occurred in this stage of development. Figure 3 represents an image recorded midway through the first week of cardiac development; the ventricles are shown on the top and the atria below. Early endocardial cushion and ventricular septation were imaged and caval entry to the right atrium was observed.
Results
Ultrasonic images recorded at the end of the first week of cardiac development are shown in figure 4 . Endocardial cushion structure was more distinct. Incomplete septation of both atria and ventricles was seen. Movement of the septum primum, which functioned as the foraminal flap, was well visualized, as were the venous entries of the right atrium. A late development in cardiogenesis is septation of the truncus arteriosus. Figure 5 demonstrates the great vessel relationship in short axis as recorded midway through the second week of cardiac development. This standard short-axis view is similar to that recorded in normal infants.
Results of scanning electron microscopy. To confirm size and structure, scanning electron microscopic examination was performed. Figures 6 and 7 are scanning electron micrographs of an embryo 9 days after implantation (midway through the second week of gestation). The external atrioventricular distance was approximately 1100 ,um in length. Measuring the same dimension in the same plane with ultrasonics, we found an internal dimension of 1000 gim. This 100 gm difference could be accounted for by the thickness of the walls, which was not resolved with ultrasonics.
Thus, scanning electron microscopic results showed a similar size and state of development, as we demonstrated by ultrasound in an embryo of similar gestational age. 
Discussion
Results of this study show that high-resolution ultrasonography can be used to study guinea pig embryo hearts in utero without obvious temporal or spatial interference. Results of ultrasonic imaging were consistent with results of scanning electron microscopic ventricle; BC -bulbus cordis; TAtruncus and organ culture studies of stages of mammalian cardiogenesis, as well as with those of other methods for investigating cardiac development. 1 9-1 Sequential examination of cardiac development on a day-to-day and hour-to-hour basis allowed cardiogenesis to be followed in a given embryo over a period of time and serial follow-up provided a detailed overview of critical events in cardiogenesis.
Difficulties were encountered in several areas; initial difficulties in organizing our breeding colony interfered with our ability to use the vaginal plug method as means for accurately determining gestational timing. We later used vaginal smears3 to determine onset of estrous, and this assisted in making approximation of gestational timing more accurate. Further, the large size of the transducer resulted in limited angulation and hampered attempts to image the embryo hearts in standard planes of examination. The small size of the cardiac images made identification of detail at the time of examination difficult. Small image size was partially solved by optical magnification, but rerecording this image resulted in a slight loss of resolution and structural detail. Because of the above problems, the best images could have been missed both during examination and data analysis. The ability to accomplish sequential examination of cardiac formation is an important component of this method. However, the number of laparotomies that can be performed on each guinea pig is limited. With each additional operation, the risk of infection, wound deterioration, abortion, and potential fetal damage increased. Finally, the high-resolution instruments used in the study are relatively new. Smaller transducers with equal or higher resolution will be needed to ensure adequate images at the time of examination and improved structure and detail identification during data analysis.
In summary, this paper reports a method for studying mammalian cardiogenesis in utero. The results indicate that high-resolution ultrasonography successfully elucidates the earliest and most critical events in cardiac formation. This dynamic model of mammalian cardiogenesis will be helpful in clarifying and furthering current understanding of cardiac development.
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